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Abstract - UV excitation of green leaves induces two distinct, fundamentally different, but still complementary types
of fluorescence: a blue-green fluorescence in the 400-630 nm range and the chlorophyll a fluorescence in the red to far-
red region (630-800 nm) of the spectrum. The relative intensities of these two types of fluorescence are highly sensitive
to intrinsic leaf properties and environmental factors. Therefore, fluorescence emission spectra induced by UV radiation
can be considered as a complex fluorescence signature that can reveal much about the physiological state of the plant.
UV-induced fluorescence of leaves provides us with information on photosynthesis, primary photochemical reactions
and chlorophyll content, and also on the presence and accumulation of the product of the secondary metabolism and the
redox state of the cell. In this review we pay particular attention to the present and potential application of these signals
to active remote sensing of vegetation, i.e. fluorosensing. (&copy; 1999 Inra/Éditions scientifiques et médicales Elsevier
SAS.)
chlorophyll fluorescence / blue-green fluorescence / ultraviolet radiation / fluorescence lidar / remote sensing
Résumé - Fluorescence induite par le rayonnement ultraviolet pour le suivi de la végétation : état actuel et per-
spectives. L’excitation de feuilles vertes dans l’ultraviolet induit deux types de fluorescence distinctes, fondamentale-
ment différentes, mais complémentaires : la fluorescence bleu-verte dans la région 400-630 nm et la fluorescence
chlorophyllienne dans la partie rouge-infra-rouge du spectre. Les intensités relatives de ces deux types de fluorescence
sont très sensibles aux propriétés intrinsèques des feuilles et aux facteurs de l’environnement. Par conséquent, les spec-
tres d’émission de fluorescence induite par le rayonnement ultraviolet peuvent être considérés comme des signatures
complexes qui renseignent sur l’état physiologique de la plante. La fluorescence des feuille induite par l’UV nous
informe sur la photosynthèse, les réactions primaires photochimiques et la teneur en chlorophylle, et aussi sur l’accumu-
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lation des produits du métabolisme secondaire ainsi que sur l’état rédox de la cellule. Dans cet article, nous nous
sommes particulièrement intéressés à l’application de ces signaux à la télédétection active de la végétation, le « fluo-
rosensing ». (&copy; 1999 Inra/Éditions scientifiques et médicales Elsevier SAS.)
fluorescence chlorophyllienne / fluorescence bleu-verte / rayonnement ultraviolet / lidar de fluorescence /
télédétection
Abbreviations, symbols and acronyms: BF, blue fluo-
rescence; BGF, blue-green fluorescence; Chl, chloro-
phyll; ChlF, chlorophyll fluorescence; DOM, dissolved
organic mater; EEM, excitation-emission matrix; FGVI,
fluorescence global vegetation index; FIS, fluorescence
imaging systems; FLD, Fraunhofer line discriminator;
FLIDAR, fluorescence LIDAR; Fm, maximum ChlF
level; Fo, minimal ChlF level; F , ChlF at the peak of the
fluorescence induction curve; FRF, far-red fluorescence;
Fs, stationary ChlF level; Fv, variable ChlF; FWHM, full
width at half maximum; GF, green fluorescence; LAS-
FLEUR, laser fluorescence Europe; LIDAR (lidar), light
detection and ranging; LIF, laser-induced fluorescence;
NDVI, normalized difference vegetation index; OMA,
optical multichannel analyzer; PAM, pulse amplitude
modulation; PSI, photosytem I; PSII, photosytem II; QA,
’primary’ quinone acceptor of PSII; qN, non-photo-
chemical quenching; qP, photochemical quenching;
QSEU, quinine sulphate equivalent units; RF, red fluo-
rescence; RFI, relative fluorescence intensities; &tau;-
LIDAR, fluorescence lifetime-LIDAR; &tau;m, maximal
ChlF lifetime; &tau;o, minimal ChlF lifetime.
1. Introduction
In recent years, UV-induced fluorescence from
plants has emerged as a sensitive and specific tool
for the remote sensing (fluorosensing) of vegeta-
tion. Several studies have indicated that UV-
induced fluorescence possesses a large potential to
assess accurately the physiological state of plants
and to detect precociously the impacts of environ-
mental stress on them [20, 94]. Fluorosensing may
therefore have important applications in plant biol-
ogy; namely in plant ecophysiology, agriculture
and forestry. This review will present the physio-
logical basis for such potential applications by dis-
cussing first the molecular and structural leaf prop-
erties responsible for the UV-induced plant
fluorescence and then the environmental factors
affecting UV-induced fluorescence emission spec-
tra via their primary effects on the intrinsic charac-
teristics of leaves. We shall also present the differ-
ent spectroscopic techniques available for fluo-
rosensing and the most promising applications of
UV-induced fluorescence in plant sciences.
Different aspects of the use of blue and red fluo-
rescence for remote sensing of vegetation were
treated in a review by Moya et al. [ 120], and more
recently, other aspects were comprehensively
described in three reviews by the Karlsruhe group
[20, 94, 104]. General treatment on the use of
chlorophyll fluorescence in vivo can be found
[131, 141, 142]. In this context, two specialized
reviews [4, 112] dedicated to the application of
chlorophyll fluorescence to forestry should be
mentioned. Information on fluorosensing can also
be found in monographs published as proceedings
of meetings on fluorosensing [31, 95] or more gen-
erally on vegetation stress [96]. The series of
Proceedings of the Colloquia of Physical
Measurements and Signatures in Remote Sensing,
where fluorosensing has an ever increasing pres-
ence, can also be a useful source [65, 66].
The present review will consider only the plant
fluorescence induced by UV excitation which
might be, for eye safety reasons, the only practical-
ly applicable active fluorosensing technique for
agricultural and environmental monitoring. The
international safety regulation for the use of lasers,
has favoured the use of UV lasers for remote sens-
ing, mainly owing to high eye sensitivity for visi-
ble light [64]. For instance, the permissible energy
flux for pulsed beams is ten thousand times larger
below 400 nm than above this threshold wave-
length, which delimits the visible region from UV-
A (CEI publication no. 825) [48].
As depicted in figure 1, vegetation fluorosensing
originates from the fusion of different techniques
specific to remote sensing and plant biology
research. The most important contribution was the
development of lidars (light detection and ranging),
which use powerful lasers as excitation source
[84]. Originally developed for phytoplankton [79]
and oil spill detection [124], fluorescence lidars
(FLIDAR) were used primarily for oceanographic
survey [74], but were applied also to terrestrial
vegetation [75]. The monitoring of chlorophyll and
blue-green fluorescence of terrestrial vegetation
has its equivalent in oceanography in the use of
chlorophyll fluorescence to estimate phytoplank-
ton, and in the use of UV-induced blue fluores-
cence to estimate dissolved organic mater (DOM).
Chlorophyll fluorescence has also been detected at
distance by passive devices, which can distinguish
it from the plant reflectance signal using the
Fraunhofer line discrimination principle (reviewed
in [120]). The second most important contribution
to vegetation fluorosensing came from plant sci-
ences, where there was a need for non-destructive
estimation of the productivity and the physiologi-
cal state of vegetation. Dedicated fluorosensors
were developed first in the laboratory, then for out-
door use, to finish with dedicated lidars. Plant
physiology laboratories also contributed to the
understanding of fluorescence signals emitted by
plants and the interaction of radiation and leaves.
In Europe, these different approaches to vegetation
fluorosensing were
co-ordinated for several years through an
EUREKA project (EU380, LASFLEUR, LASer
FLuorescence EURope) aiming to develop a new
airborne lidar [64].
2. Fluorescence signatures
UV excitation of a green leaf induces two dis-
tinct, fundamentally different but still complemen-
tary types of fluorescence: a blue-green fluores-
cence in the 400-630 nm range and the chlorophyll
a fluorescence in the red to far-red region
(630-800 nm) of the spectrum. The relative inten-
sities of these two types of fluorescence are highly
sensitive to intrinsic leaf properties and environ-
mental factors. Therefore, fluorescence emission
spectra induced by UV light can be considered as a
complex fluorescence signature that can reveal
much about the physiological state of the plant.
A typical UV-A-induced fluorescence spectrum
of leaves has three maxima and a shoulder (figure
2) which can be more or less pronounced. These
maxima have variable amplitude depending on leaf
origin: plant species, age, side of the leaf, size of
the analysed area (anatomy), past and present
stresses. For example, pea leaves (Pisum sativum
L.) whose cell walls are known to be non-fluores-
cent [71], have much smaller blue-green fluores-
cence than sugar beet leaves (Beta vulgaris L.),
whose cell walls are fluorescent because of the
presence of esterified ferulic acid [71].
Accordingly, the blue-green to red fluorescence
ratio is much larger in beet than pea leaves (figure
2). In figure 2 the absorption spectrum of a total
methanolic extract of a leaf is also shown. It can be
compared to the individual absorption spectra of
potential fluorophores or absorbers present in
leaves, shown in figure 3. The prominent feature in
the spectrum of the extract is the presence of
chlorophyll, responsible for the red fluorescence of
leaves, and carotenoids and flavonols, in the UV
part of the spectrum, which do not fluoresce, but
can screen the excitation of blue fluorescing com-
pounds (see below).
2.1. Fluorescence emission bands
When a large-band detection of fluorescence is
used (FWHM > 20 nm), these spectral features are
named blue (BF), green (GF), red (RF) and far-red
(FRF) fluorescence (figure 2) (table I). The red and
far-red fluorescence taken together are also called
chlorophyll fluorescence (ChlF), because chloro-
phyll a (Chl) is the only fluorophore present in
leaves with emission in this part of the spectrum,
chlorophyll b transferring all its excitation to
chlorophyll a in vivo. Sometimes the far-red maxi-
mum is named near infra-red (NIR) [39] in accor-
dance with the terminology used in passive remote
sensing. The blue and green fluorescences, the lat-
ter being rarely present as a distinct peak, are also
often grouped and treated as blue-green fluores-
cence (BGF). This BGF has a heterogeneous ori-
gin; several leaf fluorophores can fluoresce in this
part of the spectrum. It has been rediscovered more
recently [32, 35, 36] and has been far less studied
than ChlF. For fine-band detection of fluorescence,
using monochromators or narrow-band interfer-
ence filters, a nomenclature stating the centre
wavelength of the filter (which is often the fluores-
cence maximum) is used: F450 (F440), F530
(F525), F685 (F690) and F735 (F730, F740) (table
I). Even when high resolution fluorescence spectra
are discussed, the BF, GF, RF and FRF terminolo-
gy is more appropriate because the actual maxima
of fluorescence emission can change with environ-
mental conditions.
2.1.1. Chlorophyll fluorescence of leaves
Chlorophyll a fluorescence is an accurate and
non-destructive probe of photosynthetic efficiency
which can directly or indirectly reflect the impacts
of environmental factors on a plant. A complete
description of the factors controlling ChlF yield is
beyond the scope of this review. ChlF has been
reviewed periodically and good recent reviews are
available [10, 17, 61, 78, 126, 131, 141, 142]. For
the molecular mechanism of variable chlorophyll
fluorescence emission the reviews by Krause and
Weis [88] and Dau [44] are recommended.
From figure 3 it can be seen that the absorption
spectra of chlorophylls a and b and carotenoids
(lutein) extend significantly into the UV region
with a large molar absorptivity, especially for
chlorophyll a. In vivo, chlorophyll b and
carotenoids have a role as accessory pigments
which transmit the energy they absorb to chloro-
phyll a. Therefore, even under UV-irradiation, the
energy of excited Chl associated with the two pho-
tochemical complexes, the photosystems I and II,
can be used to drive photosynthesis in the chloro-
plast. Also, a small part (less than 5 %) of this
energy of excitation will be re-emitted by chloro-
phyll a as fluorescence in the red and far-red
region of the spectrum. The intensity of this UV-
induced ChlF will be very much dependent on the
transmittance to UV light of the compounds pre-
sent in the leaf epidermis (see below).
2.1.1.1. Variable chlorophyll fluorescence
The intensity of ChlF can increase up to six
times when a dark-adapted leaf is suddenly illumi-
nated by an actinic light. Upon illumination, fluo-
rescence rises from a minimal level (Fo) up to a
maximum peak (Fm or Fp) and then decreases to
reach a stationary level (Fp). This transient fluores-
cence induction, known as the Kautsky effect,
reflects the photochemical activity of photosystem
II (PSII) [88]. At any time, the variation of ChlF is
determined by distinct photochemical (qP) and
non-photochemical (qN) quenching mechanisms.
At the Fo level, measured under very weak light,
the primary quinone acceptor (QA) of PSII is oxi-
dized and the photochemical quenching qP is max-
imum. In this case, the absorbed light energy is
used for photochemical reaction at the highest effi-
ciency and only a minimal fraction of the absorbed
energy is re-emitted as ChlF (Fo). In contrast, upon
a dark to light transition, or under a saturating
flash, all the QA are temporarily reduced and the
PSII photochemical reactions can no longer pro-
ceed. At this point, the Fp (or Fm) level is reached
and qP is minimal. Following the F level, fluores-
cence declines down to a Fs level owing to the par-
tial re-oxidation of QA- (increase of qP) and also to
the induction of non-photochemical mechanisms
(qN). These non-photochemical mechanisms
somehow increase the probability of thermal de-
excitation of the absorbed light energy and are con-
sidered as essential regulatory mechanisms of the
photosynthetic control [55]. Hence, thanks to qN,
the excess of light energy which cannot be used for
photochemical reactions is safely dissipated as
heat, thereby protecting the photosynthetic appara-
tus against deleterious reactions. By the use of
modulated fluorometers (PAM) allowing the appli-
cation of the saturation pulse method [125, 144],
the relative importance of qP and qN can be rou-
tinely determined. However, the pulsed measuring
light source has to procure an irradiance lower than
1 &mu;mol·m-2·s1,in order to be analytical, i.e. to
avoid inducing any change in the photochemical
efficiency of the chloroplast. The original PAM
device used a modulated source of 10 mW.m-2
(0.06 &mu;mol·m-2·s1at 660 nm) integrated intensity
[144]. With UV excitation (only 1-40 % is trans-
mitted at 337, depending on the species
[45]) 2.5-100 times higher irradiance of the analyt-
ical beam can be used owing to epidermal attenua-
tion. Indeed, values as high as 1 W·m-2
(2.8 &mu;mol·m-2·s1)were reported not to be actinic
when nitrogen lasers were used; there were no
changes in ChlF yield induced by the analytical
beam [26, 155].
In leaves at room temperature (above zero), it is
largely considered that most of fluorescence at 685
and 735 nm emanates from PSII [88], with some
minor PSI fluorescence in the 710-720 nm region
[17, 88]. However, Pfündel [127] has recently esti-
mated that in intact leaves at Fo’ when all photosys-
tems are in an open state (i.e. minimal ChlF level
under very low light intensity), the PSI contribu-
tion to the total ChlF at a wavelength longer than
700 nm accounted for about 30 and 50 % in C3
and C4 plants, respectively [127]. This is in line
with previous data on the effect of non-photochem-
ical quenching of ChlF at 720 nm [57]. At this
wavelength, 30 % of ChlF in C3 plants and 50 %
of ChlF in C4 plants were not affected by non-pho-
tochemical quenching at the Fo level. Also, we
found for bean leaves excited at 340 nm that the
non-variable part of F730 (not affected by the
reduction of QA-) represents 55 % at the Fo, and
10 % at the Fm level.
2.1.2. Blue-green fluorescence of leaves
There are two fundamental differences between
leaf BGF and ChlF. In contrast to ChlF, BGF is
independent of ambient light level and is practical-
ly constant on a short time scale (minutes) but can
vary over longer time periods (hours and days).
Second, whereas ChlF emanates only from chloro-
phyll a, several compounds can contribute to the
emission of blue-green fluorescence (BGF) upon
UV excitation. Ferulic acid, a hydroxycinnamic
acid that is covalently linked by ester bounds to the
polysaccharides of cell walls in leaf epidermis and
leaf veins [69] is thought to be responsible for
most of the leaf BGF [69, 102, 115]. Still, other
products of the plant secondary metabolism can
significantly contribute to this ’constant’ BGF. In
the extensive review of Wolfbeis [171] the follow-
ing natural compounds, known to be present in
leaves, are cited to emit fluorescence in the blue-
green part of the spectrum when excited by UV
radiation: hydroxycinnamic acids (caffeic, ferulic,
sinapic), chromones, stilbenes (resveratrol),
coumarins (umbelliferone, esculetin, scopoletin),
furocumarins (psoralen), flavonols, flavones
(except 5-hydroxyflavones), isoflavones, fla-
vanones, chalcones, aurones, phenolic acids (sali-
cylic, gentisic, ellagic), nicotinamides (NADH,
NADPH), flavins (FMN, FAD, riboflavin), other
coenzymes (pyridoxal-5’-phosphate), pterines
(folic acid, dihydrofolate), polyenes (phytofluen),
quinones (phyllohydroquinone), alkaloids (berber-
ine, quinine, lysergic acid), and degradation prod-
ucts (kynurenine, polyadenylic acid). The phenolic
acids, coumarins, chromones, stilbenes, flavonoids
can all be free, esterified or polymerized in the cell
(lignans, tannins, lignins). These products are
biosynthetically related (coming from the shiki-
mate pathway) and are generically named plant
phenolics (polyphenols) or sometimes phenyl-
propanoids after the structure of the main interme-
diate, cinnamic acid [50].
Even when present in a leaf of a particular plant
species, not all of the mentioned compounds will
contribute to leaf fluorescence. Their contribution
will depend on: localization of the fluorophore in
the leaf, fluorophore concentration, absorption
(excitation) spectrum, molar absorptivity, emission
spectrum and fluorescence quantum yield. The flu-
orophore’s environment, including temperature,
viscosity, spatial constraints, pH, polarity and pres-
ence of quenchers, such as heavy metals and oxy-
gen, will also influence the spectral characteristics
and yield. The importance of a fluorophore for flu-
orosensing will depend on its spectral characteris-
tics compared to the fluorosensor characteristics.
Spectral characteristics of most prominent and
omnipresent fluorophores and absorbers in a typi-
cal leaf that can influence BGF are presented in
figure 3. Ferulic acid was chosen as a representa-
tive of the phenolic group of compounds known to
be present in leaves in substantial amounts and to
be fluorescent. Emission spectra of blue-fluoresc-
ing fluorophores are very wide (FWHM of 82 nm
for ferulic acid and 112 nm for NADPH (figure 3));
therefore, it is difficult to identify a fluorophore by
its emission spectrum alone. Yet, ferulic acid has
an emission maximum at 420 nm, and NAD(P)H
40 nm further towards the red, at 460 nm.
Flavins are both absorbers in the UV-A and blue
part of the spectrum and good fluorophores in the
green (figure 3). It is worth noting that, unlike
NADPH, it is the oxidized form of flavin
nucleotides that fluoresce. Still, the contribution of
FAD and FMN in vivo is minimized by their asso-
ciation with proteins (enzymes) which quench their
fluorescence [167].
The major protein of the leaf, D-ribulose-1,5-
bisphosphatecarboxylase/oxygenase - Rubisco
[72], has a very strong fluorescence when excited
in the UV-B owing to the amino-acid tryptophan.
Its fluorescence can contribute substantially above
400 nm (figure 3). When exciting the leaf with UV-
A, the tryptophan contribution is negligible, but
still, as can be seen from figure 3, isolated Rubisco
also absorbs around 340 nm. The origin of this
absorption, and the associated fluorescence, is not
clear and can originate from degradation products
[22] or even from fixed pyridine nucleotides.
The two major flavonols of leaves, quercetin and
kaempferol [133], are present in the vacuole of epi-
dermal cells [68] (as glycosides) or in cuticular
wax (as aglycones) [172]. They are shown here
(figure 3) as aglycones, and have two absorption
peaks around 260 and 370 nm, with a minimum
around 300-320 nm where the hydroxycinnamic
acids absorb. Thus, flavonols and hydroxycinnamic
acids efficiently protect the leaf by covering the
whole UV range and absorbing most of solar UV
radiation. In addition, flavonols may considerably
influence the intensity of the UV-induced fluores-
cence, especially ChlF which emanates from the
mesophyll. BGF will also be affected but to a much
smaller degree because it is emitted mostly from
the surface of the leaf. It is important to note that
the flavonol concentration of a leaf varies consider-
ably during development [46, 83], is increased
under high light [90] and in the presence of UV
radiation [132]. Changes in flavonol concentrations
that follow the diurnal light intensity variation
(maximal concentration of flavonols at noon) have
also been reported [166].
In general, there are two types of information
that can be obtained from BGF. The first type of
BGF is related to the above-mentioned plant phe-
nolic and flavonoid compounds bound to the walls
or found in the vacuoles of epidermal cells. This
BGF can be considered as static, dependent of cell
constituents and leaf structure, and can be mea-
sured with most fluorimeters including lidars. The
second type of BGF, which is more related to plant
biochemistry and especially photosynthesis, needs
very sensitive fluorimeters of the PAM type [26,
143]. It concerns the monitoring of the variation of
the concentration and redox state of pyridine
nucleotides (NADH and NADPH) which are good
BGF fluorophores, but due to their localization in
the mesophyll cells, and especially for NADPH, in
chloroplasts, they are less accessible to UV excita-
tion and their fluorescence is re-absorbed by pho-
tosynthetic pigments. This limits pyridine
nucleotide contribution to BGF in intact leaves to
less than 10 % in most cases (see below). NADPH-
dependent BGF can be changed by applying
actinic light which drives photosynthesis, as
opposed to ’constant’ leaf BGF [26]. This light-
induced variable BGF can therefore be used to
detect, or even quantify, redox changes in the
chloroplast. It can be measured even in leaves with
very sensitive fluorimeters [29], and can be com-
pared to variable ChlF because it depends, as does
ChlF, on the redox state of the stroma.
2.2. Fluorescence ratios
Since BGF and ChlF have distinct origins, they
can change independently in response to different
physiological and environmental factors. These
changes are more conveniently described in terms
of variations of the fluorescence ratios rather than
absolute fluorescence changes, which are strongly
affected by external factors such as distance,
atmospheric scattering and leaf geometry and
movements. The fluorescence ratios currently used
in fluorosensing are: a) red to far-red (RF/FRF), b)
blue to ChlF (BF/RF and BF/FRF), and c) blue to
green (BF/GF) ratios (table I).
In order to exploit these fluorescence ratios or
identify alternative ratios as diagnosis for specific
physiological states or environmental stresses, it is
important first to consider the intrinsic leaf proper-
ties and molecular mechanisms that can modify the
BGF and ChlF emissions. Alteration of the UV-
induced fluorescence spectra by physiological and
environmental factors is the symptom of their pri-
mary effect on one or more intrinsic leaf properties
or molecular mechanisms therein: 1) contents of
secondary metabolites in leaf epidermis, namely
ferulic acid and UV-absorbing flavonoids; 2) leaf
photosynthetic pigment content; 3) leaf tempera-
ture; 4) photochemical and non-photochemical
quenching of ChlF; and 5) apoplastic and vacuolar
pH. The wavelength of the exciting light also plays
an important role. An adequate understanding of
these different factors and their impacts on UV-
induced leaf fluorescence is essential in order to
assess reliably the physiological status of plants
from their fluorescence signatures.
2.2.1. The RF/FRF ratio
The RF/FRF ratio (F685/F735) was the first sig-
nature introduced by Lichtenthaler et al. [97]. It
depends on the chlorophyll content of the leaf and
on leaf anatomy. Owing to the selective re-absorp-
tion of red relative to far-red fluorescence by Chl
molecules [58, 130], there is an inverse curvilinear
relationship observed in many plant species
between the F690/F740 ratio and the leaf Chl con-
tent [58] (the wavelengths 690 and 740 nm were
used for the RF/FRF ratio in this particular work).
The F690/F740 ratio is largely affected by changes
in Chl content at values lower than 250 mg·m-2,
i.e. in pale leaves. Unfortunately, the sensitivity of
the F690/F740 ratio decreases drastically at Chl
content higher than 300 mg·m-2where in practice
no differences can be detected by this fluorescence
ratio [58]. Nevertheless, the F690/F740 ratio was
useful to monitor the degradation of chlorophyll,
carotenoids and the photosynthetic apparatus in
leaves of Xerophyta scabrida during slow desicca-
tion [40]. It must be mentioned, however, that most
environmental stresses are expected to only slowly
modify Chl concentration.
The RF/FRF ratio can also show changes of
small amplitude at constant Chl content. Changes
in the RF/FRF ratio, have been detected during the
diurnal cycle (in the range 0.75-1.15) [2, 163] and
under temperature stress [1, 2]. The dependence of
the signature on irradiance indicates that these
changes are due to a change in the level of non-
photochemical quenching of ChlF. Therefore, it
belong to a category of variable ChlF signatures.
Some authors use the FRF/RF ratio, which is sym-
metrical to RF/FRF, having the same origin and
dependence [111].
2.2.2. The BF/ChlF ratios
The BF/ChIF ratios (F450/F685 and F450/F735)
are the most sensitive signature in UV-induced flu-
orosensing. They will increase following the accu-
mulation of leaf secondary metabolites in the epi-
dermis that can emit blue fluorescence such as
ferulic acid. The UV-induced fluorescence emis-
sion can be modified by other hydroxycinnamic
acids (namely caffeic, p-coumaric and cinnamic
acids) bound to the cell walls as well as other phe-
nolic compounds and flavonoids in the vacuole of
epidermis cells. These compounds seem to con-
tribute very little to the BGF although they strongly
absorb UV-light [82, 102, 115] Their concentra-
tions can significantly increase after exposure to
elevated UV-B levels, resulting in a natural photo-
protective screening against the deleterious effects
of UV irradiation [23]. Large differences in their
concentrations are also observed between outdoor-
and greenhouse-grown plants [105, 106]. The pres-
ence of compounds with high UV-B absorptivities
in the epidermis therefore attenuates the UV exci-
tation of Chl molecules in mesophyll cells, and,
consequently, decreases the intensity of UV-
induced Chl fluorescence [13, 26, 82, 145, 152]; as
a result, the BGF/ChIF ratio increases [20]. A
decrease in epidermal transmittance to UV will
affect ChlF more than BGF, which comes mostly
from the surface of the leaf.
Similarly to the leaf secondary metabolites in
the epidermis, the various leaf pigments absorbing
in the visible region markedly modulate the shape
of the fluorescence emission spectrum in two dif-
ferent ways. First, since red and far-red fluores-
cence emanates exclusively from chlorophyll a, its
intensity is directly related to the chlorophyll a
content in the upper layers of the leaf. Second, the
leaf pigments absorbing visible light can re-absorb
a large part of the fluorescence emission. Indeed,
there is a strong overlap between the leaf absorp-
tion and the fluorescence spectrum, especially in
the blue region (380-500 nm) where both chloro-
phyll and carotenoids absorb and also in the red
region, where only chlorophyll absorbs (figure 3).
Very little re-absorption of emitted fluorescence
occurs in the far-red region. Therefore, the fluores-
cence emission spectra measured from leaves rep-
resent the difference between the intensity of actu-
ally emitted fluorescence and its re-absorption by
the leaf pigments [20, 58, 130]. For example,
wheat leaves either etiolated in darkness or
bleached with herbicides exhibited much stronger
BGF and larger F440/F690 ratio than green leaves
as a result of a lower re-absorption of emitted fluo-
rescence by photosynthetic pigments [150, 154].
Also, a large increase in BGF was indicative of the
progressive loss of photosynthetic pigments in
sugar beet leaves affected by iron deficiency [114].
The BGF/ChIF ratios are also strongly depen-
dent on the wavelength of the excitation light
owing to the markedly different excitation spectra
of the blue-green fluorophores and chlorophyll a
molecules (figure 3). It appears that UV excitation
at 355 nm is a good compromise to simultaneously
excite both BGF and ChlF (figure 4). Excitation at
higher wavelengths will increase ChlF yield, and
excitation at a shorter wavelength will favour BGF
[20, 145, 152] (figure 4).
BGF excitation spectra can show two excitation
peaks at 330 and 250 nm, whose relative impor-
tance seems to be dependent on species or environ-
mental conditions. In sugar beet leaves, the 330 nm
peak was predominant [ 115], whereas the opposite
was observed in beech leaves [ 145], suggesting
that the relative importance of these two excitation
maxima is strongly dependent on leaf composition.
ChlF excitation spectra depends mainly on the
plant growing conditions, with a drastic decrease in
UV-excitation in outdoor-grown plants compared
to phytochamber-grown plants [152], and in sun
leaves compared to shade-grown leaves [145]. This
is due to a decrease in epidermal transmission and
can be exploited to measure the transmittance of
the epidermis using ChlF [8, 146].
Finally, the use of BF/FRF (F450/F735) ratio is
preferable compared to the BF/FR ratio because
F735 minimizes fluorescence re-absorption by
photosynthetic pigments, and the photochemical
(qP) and non-photochemical quenching (qN) of
ChlF are smaller at 735 nm.
2.2.3. The BF/GF ratio
The BF/GF ratio depends on the emission spec-
trum of the main BF fluorophore and on the contri-
bution of green emitting fluorophores (flavins and
flavonoids) located either in leaf epidermis or in
leaf mesophyll (see later for the estimation of mes-
ophyll GF relative to leaf GF in section 2.4.2.). An
important proportion of the green fluorescent band
will come from fluorophores which have a maxi-
mum in the blue, because of the very large width of
their emission spectra (figure 3). For hydroxycin-
namic acids it will be from 15 to 20 % depending
on the acid (ferulic 15 %, caffeic 20 %) [93, 115].
When present in the epidermis, anthocyanins
can also re-absorb GF and increase the BF/GF
ratio. Anthocyanins, which have strong absorptivi-
ties in the green (530-550 nm) of up to 40 000
(L·mol-1·cm)[133], are commonly described as
stress markers in vegetative tissues [149] because
they accumulate as a result of cold temperature,
dehydration, sugar accumulation and phosphate
deficiency. All these strains and stresses can there-
fore potentially influence the BF/GF and
BGF/ChlF ratios.
The apoplastic pH could be another factor that
could affect the BF/GF ratio. Early studies on UV-
fluorescence microscopy of leaf transverse sections
of Italian ryegrass (Lolium multifolium L.) showed
that ferulic acids esterified to cell wall polysaccha-
rides (feruloyl esters) fluoresced blue at pH 5.4 and
completely green at pH 10.0 [69, 76] (see also fig-
ure 5). A similar pH effect was also observed with
feruloylated polysaccharides purified by thin-layer
chromatography from Lolium temulentum cell
walls. This shift from blue to green fluorescence
was shown to be reversible [69]. However, neither
the pKaof the esterified ferulic molecule responsi-
ble for the blue to green fluorescence transition nor
the physiological significance of this transition
have yet been determined.
The above considerations could be relevant for
the interpretation of the blue to green fluorescence
ratio. It was recently reported that a large increase
of the green fluorescence band F520 relative to the
F440 band can occur under various long-term
stress conditions [20, 114]. This increase was sug-
gested to result from the accumulation of green flu-
orescing compounds. However, increase in
apoplastic pH might be an alternate hypothesis
worth verifying.
2.2.4. Limitations of fluorescence ratios
The main drawback of fluorescence ratios is that
they depend on two variables that can vary inde-
pendently, precluding unambiguous interpretation
of the change of the ratio. BGF seems more stable
on the short-term scale (hours) and therefore could
be used as a reference for variable ChlF under
unstressed conditions. Still, a neutral ’isosbestic’
wavelength for fluorescence should be found and
tested (possibly 630 nm), which would avoid dou-
ble variable. Comparisons among different species
show an apparent isosbestic point between 620 and
640 nm [35, 93, 102, 151, 152].
An important problem would still remain for the
use of fluorescence ratios in remote sensing. The
presence of a background (stray light) signal will
affect the value of the ratio, even if it stays constant
along the spectrum (which in addition is not
always the case, depending on the origin of the
stray light). Again, the use of a pseudo-isosbestic
value around 630 nm, which would be subtracted
from the fluorescence bands before the calculation
of the ratio, could be the solution to the problem of
background.
An alternative to fluorescence ratios was used in
[135, 158]. They showed seasonal variations, from
June to December, of tree leaf fluorescence, and
used circular graphs (radar graphs) to present vari-
ations of all four fluorescence bands simultaneous-
ly.
2.3. Fluorescence lifetime
Another alternative to fluorescence ratios is the
use of fluorescence lifetime. This parameter, being
a measure of time, is inherently insensitive to
atmospheric perturbations. Presently the major lim-
itation for its use as a signature is a more complex,
and more expensive, electronic system used for
measurements of nanosecond events, which is the
time domain of fluorescence of natural organic flu-
orophores.
There is not much information in the literature
on stress-induced changes in ChlF lifetimes in
intact leaves, and even less with the use of UV
excitation. Schneckenburger and Frenz [140]
reported increases in ChlF lifetimes in spruce and
pine needles after exposition to high O3 doses.
Heat stress in barley leaves [15] and Fe deficiency
in sugar beet leaves [ 113] also increased the ChlF
lifetime. Dark-adapted, water-stressed leaves had
similar ChlF lifetimes than controls; however, once
illuminated water-stressed leaves showed decreases
in ChlF lifetime when compared to the controls
[28, 139]. Most of these studies have been per-
formed under laboratory or greenhouse conditions
and only some of them used &tau;-LIDAR devices [28,
147]. These special lidars use very short laser puls-
es (35 ps) and very rapid detectors and electronics
(streak camera [147], or photomultiplier tube [28]).
This permits a comparison of the form of the emit-
ted fluorescence with the excitation pulse and
allows the mean fluorescence lifetime of leaves in
the nano-second time domain to deduced.
Concerning BGF lifetimes, there is even less
information than for ChlF lifetimes. There is one
report [114] showing that Fe deficiency increases
the contribution of the BGF slow kinetic compo-
nent (4.2-4.6 ns) owing to an accumulation of
flavins in the mesophyll of Fe-deficient sugar beet
leaves. However, this work was carried out with
mesophyll pieces (avoiding the BGF contribution
of the epidermis) and the BGF lifetime change did
not seem to be large enough to be detected at dis-
tance. Further work is required to determine the
pertinence of fluorescence lifetime as a signature
for remote sensing in field conditions.
2.4. Importance of leaf structures
for UV-induced fluorescence
2.4.1. Leaf anatomy
Fluorescence imaging has shown that BGF
emanates primarily from the main and lateral vas-
cular bundles (veins), whereas the ChlF predomi-
nantly comes from the interveinal areas (for tobac-
co see [20, 73, 81, 91, 98]) (figures 5 and 6). This
can be related to the finding of Hartley and Harris
who reported that, in all of the 251 species from
150 families of dicots they surveyed, the lignified
cell walls of sclerenchyma fibres and xylem ves-
sels fluoresced blue [71]. As seen from figures 5
and 6, sclerenchyma bands above the vascular bun-
dle are responsible for BGF. The absence of Chl in
sclerenchyma cells precludes the screening and re-
absorption by photosynthetic pigments of this
’vein’ BGF.
Still, the cuticle is the first structure of a leaf to
be illuminated, and therefore its contribution to
BGF will be important if it contains BGF fluo-
rophores. Indeed, cuticles of all dicotyledonous
(251) and monocotyledonous (104) species exam-
ined by Hartley and Harris fluoresced when excited
by UV-A radiation [70, 71]. The latest microscopy
studies related to BGF fluorosensing [137, 154]
show that the cuticle has indeed the strongest BGF
(figure 5). There are also claims that BF comes
from the epicuticular wax because BF can be trans-
ferred from the leaf to a quartz lamina using organ-
ic solvents [12, 13]. Indeed, Bongi and coworkers
have shown that by dipping leaves in acetone the
epicuticular wax and the components it contains
are removed (dissolved) without otherwise disrupt-
ing leaf structure. After evaporating the solvent
from the obtained extract, the remaining compo-
nents show a BF comparable to the mother leaf
[12, 13].
The other compounds responsible for the fluo-
rescence in the different leaf structures are listed in
table II. It can be seen that the chloroplasts are the
only structures fluorescing red light. The real
panchromatic view of UV-induced fluorescence
can be seen in the photograph of the transection of
an evergreen dicot (Daphniphyllum macropodum
Miquel.) (figure 5). This photograph illustrates the
variety of fluoresced colours under UV excitation,
whose exact assignment merits further research
efforts.
The presence of a thicker epidermis on the adax-
ial side for bifacial leaves of dicots (figures 5 and
7) can explain why in general the UV-induced fluo-
rescence emission of the upper leaf side (adaxial)
is lower than that of the lower leaf side (abaxial)
for the blue, green and red fluorescence [103] (fig-
ure 8). This is the consequence of a larger transmit-
tance of abaxial than adaxial epidermis for UV-A
radiation because of a larger proportion of
flavonoids in adaxial than abaxial epidermis [161,
162, 170]. In addition, according to Buschmann
and Lichtenthaler [20], the presence of densely
packed palisade cells in the adaxial side of the leaf
increases the re-absorption by chlorophyll a of the
blue and red fluorescence induced from this side,
which leads to a decrease in the B/FR and R/FR
fluorescence ratios.
2.4.2. Estimation of the contribution of mesophyll
fluorescence to leaf BGF in vein-free leaf parts
We mentioned already that the epidermis is
screening and protecting the mesophyll from UV
radiation. This effect is very much dependent on
the irradiance under which the leaf has grown [90]
because flavonoids tend to accumulate in the vac-
uoles of epidermal cells [68] and in the cuticle
[172], and the overall thickness of the adaxial epi-
dermis increases under strong light [9] (see also the
effect of UV-radiation on leaves, 4.2.). All this will
influence the part of BGF coming from the meso-
phyll.
By comparing ChlF from an intact leaf with
mesophyll (leaf without epidermis) we can esti-
mate the proportion of UV radiation that will reach
the mesophyll in an intact leaf. In other words, we
can use chlorophyll fluorescence as an internal
probe to estimate the transmittance of the epider-
mis in the UV [8, 26]:
proportion of UV radiation reaching the meso-
phyll = leaf RF/mesophyll RF
Once we know the proportion of UV light reach-
ing the mesophyll, where it induces BF, we can
calculate what proportion of the total BF of an
intact leaf this BF represents:
= (mesophyll BF) (leaf RF)/(leaf BF) (mesophyll RF)
The calculation is the same for GF. From table
III it can be seen that BGF from mesophyll will
appear more in the GF band than in the BF band of
the intact leaf, as first suggested by Lang et al. [92]
and confirmed by time-resolved studies [30]. This
is the consequence of the spectral characteristics of
epidermal fluorophores, which have a maximum of
fluorescence near 420 nm [30, 92], and the conse-
quence of a very strong re-absorption of mesophyll
BGF by the photosynthetic pigments (figure 3 and
9). These are the two main reasons why Cerovic et
al. [29] proposed to follow NAD(P)H fluorescence,
which comes from the mesophyll, in the green
band instead of the blue band, in which NAD(P)H
in solution has its fluorescence maximum (figure
3).
Mesophyll contribution to fluorescence will
depend also on leaf temperature [116]. For the BF
of sugar beet leaves, calculations described in table
III gave a contribution of 8 and 4 % at 33 and 3 °C,
respectively. For GF, the contribution was 11 and
8 % at 33 and 3 °C, respectively, indicating that
higher temperatures favour contribution from the
mesophyll by decreasing preferentially BGF from
the surface [116].
Another attempt to estimate the proportion of
green and blue emitting fluorophores in the green
band was to decompose the emission spectra by fit-
ting elementary Gaussian curves [156]. However,
this approach is questionable owing to the effect of
re-absorption.
In summary: 1) UV-induced BGF originates
mainly from the epidermal layer; 2) the proportion
of mesophyll fluorescence to total BGF is higher in
the GF than in the BF band; 3) in a whole leaf,
veins contribute mostly to BGF and vein-free leaf
regions to ChlF; 4) the leaf secondary metabolites
localized in the epidermis affect the ratio of UV-
induced BGF to ChlF emission in two ways a) by
emitting the BGF, and b) by decreasing UV excita-
tion of Chl through screening.
3. Fluorosensing techniques
Fluorosensors using UV excitation can be
grouped into laboratory set-ups and lidars,
although the latter can be used both outdoors and
indoors.
3.1. Laboratory fluorometry
Laboratory spectrofluorimeters are invaluable
tools for basic research on leaf fluorescence char-
acteristics. They have been used initially in many
remote sensing-oriented laboratories (table IV). For
most commercial spectrofluorimeters, an adapta-
tion must be made to allow front-face illumination-
detection geometry for the analysis of leaf samples.
They have been used to measure either BGF emis-
sion spectra of intact leaves and leaf constituents
[29, 92, 93] or effects of stress on BGF emission
spectra [39, 89, 107].
Fluorescence excitation and emission spectra
can be measured with laboratory spectrofluorime-
ters provided with a xenon lamp as excitation
source and monochromators to define excitation
and emission wavelengths. The most often cited
types are: LS-50, Perkin Elmer; Fluorolog II, Spex;
SLM-8000, SLM-Aminco; RF5001, Shimadzu.
They have been used either for basic research on
leaf fluorescence characteristics [13, 29] or in
applied research on plant responses to stress [39,
110, 111, 145, 152]. Less frequently, excitation-
emission matrices (EEM) have been used to inves-
tigate changes induced by stress on leaf fluores-
cence [128, 160]. The excitation-emission matrix,
also called bispectral matrix, is a fundamental lab-
oratory technique developed by several national
institutes for measurement and calibration of fluo-
rescent materials. A three-dimensional plot is
obtained, with the fluorescence radiance at the z
axis [128, 160].
In principle, the excitation spectrum of a com-
pound should follow the absorption spectrum, but
in vivo this is rarely the case. In addition to non-
fluorescent dissipation of some of the absorption
bands, the excitation spectrum can be deformed by
the inner filter effect as a result of high concentra-
tions of the fluorophore or other compounds that
re-absorb part of the spectrum. Furthermore,
screening of excitation by other fluorescing or non-
fluorescing compound is common.
3.1.1. Lasers-induced fluorescence (LIF)
Although xenon lamps can be used as excitation
source in a dedicated laboratory UV fluorosensor
[143], the use of pulsed UV lasers is more com-
mon, and then the technique is named laser-
induced fluorescence (LIF). Pulsed lasers allow
better signal-to-noise ratios. Their short pulses of
high energy can induce pulsed fluorescence that
can be synchronously detected. Under these condi-
tions, the average power of the measuring beam
can remain sufficiently low to be non-actinic for
photosynthesis, and continuous additional actinic
light can be used to drive photosynthesis. This
additional light can be daylight itself. The same
approach is being applied to lidars that are used
outdoors, so information gained with laboratory
laser fluorosensors can be used for lidar develop-
ment. UV lasers such as nitrogen (337 nm), argon
(351 nm) and frequency tripled Nd-YAG (355 nm)
are the most frequently used lasers in laboratory
fluorosensors (table IV). There is also a variety of
potential detectors to be used, including: photo-
multipliers, photodiodes, diode-arrays and charge
coupled device (CCD) cameras.
The use of relative units (RFI in [32, 34-36])
can be sufficient and justified when the geometry
of the measuring system is kept constant during the
whole study, as in commercial fluorometers or LIF
set-ups. But, to compare results gained among dif-
ferent research groups with different laboratory
set-ups and lidars the expression of fluorescence in
more universal units is needed. Two approaches are
actually used in laboratory fluorometry and remote
sensing to standardize the results: comparison to
the Raman signal of water and the comparison to
quinine sulphate fluorescence. The former is fre-
quently used in oceanography fluorescence studies
[49] but it is not well adapted to terrestrial vegeta-
tion; therefore, the use of quinine sulphate seems
to be the best choice. Quinine sulphate is a fluores-
cence standard of known emission spectrum that is
used and distributed by the United States National
Institute of Standard and Technology (NIST).
3.1.2 Time-resolved fluorescence
As already mentioned, the use of fluorescence
lifetime is an alternative to measure fluorescence
yield. A special laboratory set-up dedicated to leaf
fluorescence was constructed on the SA4 line of
the Super-ACO storage ring at LURE in Orsay,
France. This set-up uses synchrotron radiation,
which is a pulsed and fully-tuneable (white)
source, and time-correlated single-photon counting
detection [60]. This permits measurement of time-
resolved excitation and emission fluorescence
spectra [30, 115].
With this set-up, we performed BGF spectral
and time-resolved analyses at different levels of
integration within the leaf, from thylakoids to leaf
pieces [30]. The proposal that BGF is emitted
mainly from the epidermis was confirmed [115]. In
addition, the use of the synchrotron radiation per-
mitted us to resolve the contribution of flavin and
pyridine nucleotides to BGF even in intact leaves.
Nucleotides contributed mainly in the long-lived
lifetime components (figure 9). After this series of
works [30, 60, 114-116], we could conclude that
the BGF lifetime approach should be the way to
extract the information related to the redox state of
the plant cells.
3.2. UV lidars
A number of UV lidars, dedicated to vegetation
monitoring, were successfully used for far-field
fluorescence signatures evaluation (table IV). Most
of the UV lidars developed in LASFLEUR use fre-
quency tripled Nd-YAG lasers emitting at 355 nm
as excitation source [41, 52, 53, 62, 63, 107]. Other
devices use excimer lasers (emitting at 308 nm)
alone [24, 25] or with a Raman shifter (emitting at
397 nm) [24] or with a dye laser (emitting at 480
nm) [52]. When using the frequency tripled Nd-
YAG or the excimer laser, authors are able to mea-
sure BGF, RF and FRF. However, the excimer laser
used with a Raman shifter or with dyes is able in
principle to measure GF, RF and FRF but not BF.
In addition to original papers cited, detailed
description and comparisons of UV-lidar configu-
rations can be found in [157] and [108].
Unfortunately, pump-and-probe lidars used for
Chl fluorosensing [37] have still not been used for
UV-excited fluorosensing. Although this is one of
the most promising techniques for fluorosensing of
variable ChlF, this approach has an important eye
safety problem because of the need for a strong
pump (actinic) flash.
3.2.1. &tau;-UV lidar
One of the main advantages of using fluores-
cence lifetimes as a signature is that the signal is
insensitive to atmospheric perturbations. The &tau;-UV
lidar developed at LURE in Orsay (France) is
based on the excitation of a small portion of the
canopy with a short laser pulse (35 ps duration - 1
mJ at 355 nm) provided by a Q-switched frequency
tripled Nd-YAG laser. The detection is based on
the use of a high speed crossed field photomultipli-
er and a high band-width fast transient analyzer
[119]. The &tau;-UV-LIDAR has been successfully
used for remote sensing of terrestrial vegetation
and detection of stress conditions in plants [28, 59,
113, 119]. Remote sensing of plants by fluores-
cence lifetime measurements has been also per-
formed with a lidar that uses a Q-switched frequen-
cy doubled (532 nm) or tripled (355 nm) Nd-YAG
laser with 100 ps pulses (100 &mu;J at 532 nm and 10
&mu;J at 355 nm) [147]. This laser is based on the use
of a streak camera for detection. Unfortunately,
these two lidars only measure ChlF lifetimes up to
now. Ideally, they should be adapted to measure
both BGF and ChlF lifetimes, increasing the possi-
ble signatures for fluorosensing.
3.3. Imaging
Imaging can be carried out at the two extremes
of the spatial-temporal scale [27]. The techniques
that permit us to visualize the spatial distribution of
fluorescence have been introduced both in the lab-
oratory and in remote sensing. The first and most
developed imaging device for UV-induced fluores-
cence is the fluorescence microscope (transmission
or epi-fluorescence) which uses mercury and
xenon lamps or laser excitation. Although
microscopy per se is out of the scope of this
review, we would like to stress the importance of
the use of this technique in fluorescence work, as a
complement providing information on the exact
localization of fluorophores (figures 5-7). For
instance, microscopy studies of UV-induced fluo-
rescence, which is usually called autofluorescence
among microscopists, showed the presence of the
BGF emitted from ferulic acid esterified to cell
wall polysaccharides in many organs including
leaves of grasses [69]. In addition, digital imaging
developed at the microscopic level can be trans-
posed advantageously to the macroscopic level.
The choice of detectors (CCD) and acquisition and
treatment of large sets of data (computer programs)
seem to be the most important points to take into
account [123].
3.3.1. Laboratory imaging
Multi-colour fluorescence imaging at the leaf
level has been reviewed recently by Buschmann
and Lichtenthaler [20]. Within laboratory imaging,
the fluorescence imaging system (FIS) used for
whole leaves [81, 82, 98] merits consideration.
Microscopic imaging has also been used for the
estimation of laser light penetration [137].
3.3.2. Lidar imaging
The latest achievement is the lidar multi-colour
imaging [52, 77], which combines the lidar
approach with imaging. For air-borne fluorosens-
ing the push-broom approach [77] seems to be
more appropriate because it can use single-shot
measurements. Measurements can be made either
at night or even better during the daytime by using
gated detectors, which are sensing only in phase
with pulsed fluorescence [134].
The two-photon-excitation technique, already
applied in microscopy [86], might be extended to
remote sensing. The advantage of this technique is
that two infrared photons are combined to perform
excitation to the first excited molecular level of the
fluorophore, which corresponds to the absorption
of a UV photon (760 nm for 380 nm). But, the
main drawback of this technique is the need for a
very short pulse (sub-picosecond) of very high
peak power.
4. Applications of UV-induced
fluorosensing in plant sciences
and agriculture
Signatures of UV-induced fluorescence can pro-
vide important information in plant sciences for
plant identification and to monitor plant growth
and development. UV-induced fluorescence can
also be a valuable tool in agriculture, where it can
help in crop management. Among the manageable
factors affecting crop productivity, water and fertil-
izers are certainly the most important [67].
Pesticides play also an important role in control-
ling pests and pathogens which are responsible for
30 % of crop losses world wide, especially under
conditions where water and nitrogen are abundant.
As discussed below, UV-induced fluorescence can
give relevant information on these three limiting
agricultural factors and a few others.
4.1. Plant identification
The compounds described here as being respon-
sible for UV absorption, which contribute to BGF
and to the screening of ChlF, are usually used as
markers for plant chemotaxonomy [5]. It seems,
therefore, obvious to apply florescence as a taxo-
nomic signature. Unfortunately, the spectral fea-
tures of phenolics, wide emission spectra and simi-
lar maximum wavelength, do not help much to
achieve this goal. Still, the anatomy of leaves of
different types of plants (section 2.4.1) together
with the combination of different types of leaf pig-
ments, came to the rescue for the use of fluorosens-
ing in plant identification. As seen in figure 10,
adapted from the work of Chappelle and co-work-
ers [36], the BF/RF ratio can be used as a general
plant classification criterion. The most striking fea-
ture is the very low ChlF of conifers, which is
readily explained by the extremely low transmit-
tance of the epidermis of conifer needles [45, 47].
In contrast to dicotyledonous plants, where the
BGF is often lower than the RF and FRF, the BGF
of monocots, especially grasses, is much higher.
This probably reflects the higher content of cin-
namic acids in the cell walls of the Poaceae than in
those of dicotyledonous plants [70, 71].
4.2. Effects of UV radiation on plants
Most studies on the effects of UV-B radiation on
leaf fluorescence reported an increase in the
BGF/ChlF ratio in treated plants [52, 111, 138,
145, 152] (but see also [156]). As mentioned in
section 2.2.2., this increased BGF/ChIF ratio can
be due to an accumulation of BGF fluorophores or
to an accumulation of compounds with high UV-B
absorptivities in the epidermis, which attenuates
the UV excitation of Chl molecules in mesophyll
cells, and, consequently, decreases the intensity of
UV-induced Chl fluorescence.
This screening (or blocking) of UV penetration
into the mesophyll can explain most of the obser-
vations showing an increase in the BGF/ChlF
ratios in UV-treated plants when compared to con-
trol plants [52, 138], and also in plants exposed to
full sunlight compared to those shaded [90, 145] or
indoor plants [152]. Still, both spectral and imag-
ing analysis showed that, in addition to epidermis
screening, the increase in BGF/ChlF ratio in UV-
treated leaves can also be due to an increase in
BGF itself [52, 111, 138]. This would indicate that
some of the compounds accumulated under UV
exposure are fluorescent. Kim et al. [82] proposed
that these compounds could be epidermal
flavonols, which, although not fluorescent when
excited in the UV, would fluoresce green light
when excited by the blue fluorescence of the epi-
dermis.
When working on Salvia spdendens, Subhash et
al. [156] found that UV treatment decreases the
BGF/ChlF ratio in both young and old plants.
Although differing from most other results
described above, this work also showed that the
F450/F730 ratio was the most reliable indicator of
UV damage, and that ChlF was not affected by UV
treatment, because ChlF excited by visible light
(485 nm) was not changed in treated leaves. The
authors concluded that changes in UV-excited
spectra after UV treatment of leaves must be attrib-
uted to a change in light penetration through the
leaf and/or to different energy transfer processes
among the leaf pigments [156].
4.3. Plant growth and development
The Karlsruhe group has reported on several
occasions that BGF is higher in leaves that have
lower Chl contents. For instance, an increased BGF
was recorded in senescent beech leaves [89] and
etiolated wheat leaves [151, 152]. Chappelle et al.
[35] also recorded an increased BGF in senescent
soybean leaves. Since the Chl content and the con-
tent of other UV-absorbing pigments depend on
leaf age (or stage of development) and on the light
that the leaf has experienced up to the time of
analysis, the increased BGF cannot be the conse-
quence of a decreased re-absorption effect by Chl
alone. Although the re-absorption effect on BGF
cannot and should not be excluded, most of the
BGF comes from the leaf surface (less than 10 %
comes from the mesophyll) and therefore the Chl
re-absorption effect is certainly minor as compared
to the effect of UV-excitation screening by the UV-
absorbing pigments of the epidermis. Therefore,
the BGF/ChlF (or F440/F690) ratios reported in
greening and senescent leaves can be more influ-
enced by changes in the epidermis, like those
described for nitrogen deficiency [73], than by
changes in Chl content.
In maize internodes of varying maturity, the fer-
ulic acid ester levels increased from younger to
intermediate internodes and then slightly declined
in older, lignifying internodes [117]. This increase
in ferulic acid content with age could at least partly
explain the results of the Karlsruhe group [73]
showing an increase in the fluorescence blue to red
ratio from young to mature maize leaves. An
increase in UV-absorbing flavonoids will also
bring an increase in the F440/F690 ratio. This
could be assessed by measuring the F690 decrease,
which was not presented in the cited paper, or by
estimating the decrease in leaf epidermal transmit-
tance for UV light, as proposed by Bilger et al. [8]
Accumulation of ferulic acid esters can probably
also explain the changes in the excitation spectrum
of BGF in ageing sugar beet leaves (figure 11). In
6-month-old leaves, compared to young 6-week-
old leaves, there is a preferential increase in excita-
tion at 330 nm, with a shoulder at 310, which is
characteristic of fluorescence excitation spectra of
ferulic acid esters.
4.4. Mineral deficiencies
Several studies have already indicated the poten-
tial usefulness of UV-induced fluorescence for the
detection of nutrient stresses in plants, especially
for nitrogen deficiency. In general, N-deficient
plants show large increases in the BF/ChlF ratio
compared to unstressed plants [20, 32, 39, 73],
although there is one exception where the opposite
was observed [109]. The increase in the BF/ChlF
ratio due to N deficiency usually occurs before the
loss of leaf chlorophyll content and thus before the
increase in the F685/F735 ratio. This implies that
the increase in the BF/ChlF ratio in N-deficient
plants is likely due to an accumulation of phenolic
or flavonoid compounds absorbing UV light in leaf
epidermis (decreased transmittance to UV), there-
by decreasing the excitation of Chl molecules in
the mesophyll by UV light.
Besides a decrease in ChlF emission, N deficien-
cy can have different effects on the BF yield
depending on the plant growth conditions. In stud-
ies using greenhouse plants (maize and soybean), it
was reported that N deficiency either decreased
[32, 39] or increased [20] the BGF yield. In the lat-
ter case, an accumulation of plant hydroxycinnam-
ic acids (ferulic acid) emitting blue fluorescence
could contribute to the observed increase of the
BF/ChlF ratio. In contrast to greenhouse plants,
similar BF yields were observed in N-deficient and
control maize plants grown in the field [73, 109].
The different effects of N deficiency on BF emitted
by outdoor and greenhouse plants are probably due
to the larger amount of phenolic metabolites natu-
rally found in leaf epidermis of outdoor plants
[105, 106], which would tend to mask the effects
of N deficiency. Consequently, the effects of N
deficiency on BF can be more evident in green-
house or shade plants than in outdoor plants grown
under full sunlight.
The applications of fluorosensing for the detec-
tion of nutrient deficiencies other than nitrogen
stress are more scarce. Still, shortage of potassium
can have a very pronounced effect on UV-induced
fluorescence. In contrast to N deficiency,
Chappelle et al. [35] observed a large decrease in
the BF/ChlF ratio in K-deficient maize compared
to control plants. In that study, K-deficiency
strongly enhanced ChlF emission but did not sig-
nificantly alter the BGF emission. These results
therefore suggest that K deficiency altered the UV-
induced fluorescence by decreasing the UV-screen-
ing effect of epidermis in maize leaves.
Effects of other mineral deficiencies on UV-
induced fluorescence emission were also investi-
gated but so far only inconsistent data have been
reported. For example, Chappelle et al. [35] and
Heisel et al. [73] observed that iron deficiency in
maize plants significantly increased and decreased
the BF/ChlF ratio, respectively. Chappelle et al.
[35] reported a decrease in BGF yield in Fe-defi-
cient maize, whereas Morales et al. [114] observed
the opposite in Fe-deficient sugar beet mesophylls.
Finally, a dramatic increase in the BF/ChlF ratio
was observed in old leaves of Mg-deficient maize
but no significant effects were seen in young and
mature leaves [73].
These various observations indicate that several
factors, such as leaf age and position, species,
growth conditions, leaf temperature, and water sta-
tus (see below), can strongly influence the impacts
of nutrients deficiencies on UV-induced fluores-
cence emission. To demonstrate a clear and specif-
ic effect of a given nutrient deficiency on UV-
induced fluorescence, relevant growth and
physiological parameters should be measured and
compared to several fluorescence signatures. A sin-
gle fluorescence ratio such as the BF/ChlF or the
F685/F735 ratios may not provide at this stage reli-
able information on plant nutrient status. Instead, a
combination of fluorescence parameters such as
the fluorescence global vegetation index (FGVI)
[27], the leaf epidermal transmittance of UV radia-
tion, estimated by the ratio of ChlF yields induced
by UV and blue excitation lights [8], and also the
F685/F735 ratio, can provide a basic diagnosis of
the plant nutrient status at a given developmental
stage. These fluorescence parameters would allow
one to determine whether a high BGF/ChlF ratio
induced by nutrient shortage is the consequence of
1) an accumulation of fluorescing phenolics con-
tributing to the BGF increase, 2) accumulation of
non-fluorescent phenolics, which by screening UV
excitation of Chl molecules decrease ChlF yield, or
finally 3) a loss of leaf Chl content thereby
decreasing BGF re-absorption.
Moreover, the use of fluorescence imaging tech-
niques, although not applicable in the field for
rapid analysis, can provide useful information con-
cerning the spatial resolution of fluorescence emis-
sion and therefore help to identify nutrient defi-
ciencies [20, 73].
A method using solar blind excitation and detec-
tion (both in UV) [39] has also been proposed for
the estimation of nitrogen deficiency by monitor-
ing protein fluorescence in the leaf. Unfortunately,
protein fluorescence induced by UV-B radiation
and emitted in the UV-A, will be very much affect-
ed by the fluorescence of lignin and lignin precur-
sors [87], and probably other phenylpropanoids.
4.4.1. The carbon/nutrient balance hypothesis
Up to now, the relationship between nutrient
deficiencies and the corresponding changes of UV-
induced fluorescence has remained mostly empiri-
cal and its physiological basis is poorly under-
stood. An interesting approach to explain the
changes in UV-induced fluorescence in nutrient-
deficient plants is the carbon/nutrient balance
hypothesis that is widely accepted by chemical
ecologists [3, 19, 129]. According to this hypothe-
sis, excess of fixed carbon relative to the plant’s
resources (high carbon/nutrient ratio) stimulates
the shikimate pathway and therefore the production
of plant phenolics [129, 169]. Increases in total
plant phenolics are generally observed in nutrient-
deficient plants [19, 129, 169]. In rice plants, the
most sensitive response was observed for N defi-
ciency, which was characterized by noticeable
increases in p-coumaric acid and ferulic acid levels
[38]. These responses are consistent with the
increases in the BG/ChlF ratios observed in N-defi-
cient plants from other studies [20, 32, 39, 73].
All these findings led us to propose in 1995 a
new vegetation index based on fluorescence mea-
surements - the fluorescence global vegetation
index (FGVI) [27]. This proposal to use a normal-
ized ratio (ChlF - BGF)/(ChlF + BGF) as a global
vegetation index of nutrient shortage and presence
of stress (figure 12) is now strengthened by the
knowledge of the UV-screening effect of the sec-
ondary metabolites described above. Low FGVI or
high simple BGF/ChlF ratio is a global indication
of nutrient shortage induced either by an accumu-
lation of fluorescing phenolics, which contribute to
BGF increase, or accumulation of non-fluorescent
phenolics, which by screening UV excitation of
Chl, contribute to the ChlF decrease. The FGVI
should be interesting on a regional and global
level, like the reflectance signature NDVI, but its
practical application will depend on the develop-
ment of air-borne lidars at the regional level and
passive fluorosensing in the Fraunhofer lines for
the global level [ 120].
4.5. Water stress
Like nitrogen, water availability will influence
the development of plants and their fluorescence
characteristics. Therefore, the concept of FGVI
(figure 12) incorporates the effect of water stress
on the long-term scale. Although the most promi-
nent characteristics of UV-induced fluorescence of
leaves under water stress is an increase in
BGF/ChlF ratio, it might not be of the same origin
on the short- and long-term scales. Long-term
drought will certainly modify the fluorescence
characteristics by inducing the development of
xeromorphic leaves [9], but this aspect has not yet
been studied.
Short-term water stress was studied in the labo-
ratory under more or less physiological conditions.
The most drastic treatment, which consisted in dry-
ing detached leaves, showed an increase in BGF
with water loss in maple leaves (Acer pseudopla-
tanus L.) [160], olive leaves (Olea europea L.)[18],
and in pine needles (Pinus sylvestris L.) [100]. In
maple leaves, the BF/RF ratio increased from 0.9
to 6.1. From the EEM, it can be seen that the
BF/RF ratio increase was primarily due to an
increase in BF; therefore, an accumulation of blue
fluorescing compound(s) must be involved. The
small increase in RF/FRF (F695/F735) (0.8-1.1)
could probably be explained by an increase in the
reflectance ratio (R685/R730) during the drying of
leaves.
In the case of olive leaves, the most striking
effect was the increase in the GF (F550) [18].
Bongi and colleagues [12, 13] showed that in olive
leaves BGF correlates with the build-up of epicu-
ticular wax in leaves grown under strong light or
under slowly developing drought stress. They con-
cluded that the BGF fluorophores are flavonoids
which are dispersed in the epicuticular wax. These
flavonoids would have to be aglycones [172] and
their deposition on the leaf surface would doubly
increase the BGF/ChlF ratio, by screening the exci-
tation of ChlF and by increasing BGF.
In soybean (Glycine max L.), an overall increase
in both BGF and ChlF was observed under
drought. This fluorescence increase was not associ-
ated with any substantial change in reflectance
[128], and was more pronounced under chronic
than acute stress. This behaviour of water-stressed
soybean leaves had already been noted in the work
of Chappelle et al. [35], who recorded in addition a
large increase in the F530 band. This GF increase
suggests an accumulation of green fluorescing
compounds. Another possibility would be an
increase in apoplastic pH, causing a reversible shift
from blue to green fluorescence [69]. Still, the con-
comitant increase in both BGF and ChlF implies
the presence of an optical effect or a decreased
screening of UV excitation. A decrease in cellular
water content (cell size) can also influence epider-
mal transmittance for UV radiation (excitation).
A similar effect of water stress was seen in
tobacco leaves (Nicotiana tabacum L.), using fluo-
rescence imaging [90]. Under medium water stress
all fluorescence bands were increased, but the
increase was larger for BF than RF and for GF
compared to BF [90]. It should be noted that the
increase in BF/RF ratio was induced below a
threshold value of 84 % relative leaf water content.
In their work on maize (Zea mais L.), Dahn and
coworkers [41] showed that the BF/RF ratio
increased reversibly under drought stress. The
changes in RF/FRF ratio, which decreased under
drought stress, were much smaller, but still notice-
able. Fluorescence changes were present both at
the leaf and canopy level, where they tend to be
obscured by the heterogeneity in leaf development.
For leaves of the same age and same chlorophyll
concentration, the small decrease in RF/FRF ratio
can be, at least partially, explained by the build-up
of non-photochemical quenching during the day in
drought-stressed maize [28]. FRF is less affected
by non-photochemical quenching than RF [57].
Although this non-photochemical quenching of
ChlF can contribute to the increase in BF/RF ratio,
it seems that the increase in this ratio is too large to
be explained by a RF decrease alone. Indeed, the
authors reported that the BF increased under
drought conditions. The increase in BF was seen
both in individual leaves and canopies; therefore, it
cannot come from the curling of leaves which
would expose the abaxial side to excitation. In the
study cited, an increase in blue fluorophore content
or screening of ChlF must be present in stressed
leaves. Still, especially for maize leaves that have
special bulliform cells which react to water loss
[14], curling of leaves under water stress can have
an important effect on canopy fluorosensing.
We can conclude that water stress induces an
overall increase in fluorescence in many plants
which could be explained by 1) a change in optical
properties of the leaf (increased epidermal trans-
mittance to UV light), 2) an accumulation of blue
or green fluorophores, and 3) an increase in the
apoplastic pH. The accumulation of blue-green flu-
orophores, or their better exposure to excitation,
can be related to xeromorphic transformations
induced in leaves in long-term stresses [9], but still
the nature of these blue and green fluorophores
remains elusive.
4.6. Temperature
Leaf temperature is another intrinsic leaf factor,
which often changes concomitantly to water stress
development. It is very important to consider leaf
temperature when interpreting BGF changes.
Results from work carried out at LURE in Orsay
(France) clearly demonstrated that BGF intensity
increases reversibly as leaf temperature decreases
from 33 to 3°C [12, 13, 115, 116]. The extent of
BGF variation may be as much as -5 % per °C
[116], but changes of -1 to -3 % per °C are more
typical, depending on plant species [12, 13].
Morales et al. [116] observed that in contrast to
BGF, a decrease in leaf temperature from 33 to 3°C
did not affect the ChlF yield. As a consequence,
the blue to red fluorescence ratio increased with
decreasing temperature. This implies that leaf tem-
perature should be monitored, in order to deter-
mine whether a change in blue to red fluorescence
ratio reflects a variation in leaf temperature or the
presence of another stress. For sugar beet leaves, it
is the fast (0.3 ns) and medium (1 ns) lifetime com-
ponents which are the most sensitive, with a ther-
mal sensitivity exceeding 10 % increase per °C of
decrease in temperature [116]. The fluorophore
responsible for this high thermal sensitivity is
apparently located in the epidermis [116], but its
chemical nature is still unknown.
On the other hand, it was demonstrated that in
leaves exposed to moderate light (100-150 &mu;mol
photon·m-2·s1)under chilling temperature (4 °C),
ChlF yield showed a complex time-dependent
behaviour, increasing and then decreasing during
the chilling treatment [1, 2, 163]. Here, the pres-
ence of moderate light while the leaf temperature
was decreased could be responsible at least in part
for the temperature dependence of ChlF. In this
case, changes in photochemical and non-photo-
chemical quenching in illuminated leaves submit-
ted to decreasing temperatures could explain the
variations of ChlF.
In the field, water stress is accompanied by an
increase in leaf temperature due to closure of stom-
ata and decreased transpiration. This will certainly
decrease BGF, but the extent of the change will
depend on plant species. The BGF of Gramineae
such as Zea mais L., Lolium perenne L. and
Triticum aestivum L. are particularly sensitive to
temperature [12, 13]. This could be related to the
presence of large contents of ferulic acid in these
species in particular and in this plant family in gen-
eral [70]. Thus, properly calibrated, the leaf BGF,
and the BGF/ChlF ratio, could be used as a remote
sensing thermometer [116].
4.7. Responses to pathogens
The influence of plant pathogens on UV-induced
fluorescence has attracted scant attention in the flu-
orosensing community compared to the importance
of the issue. The notable exemption is the work of
Lüdeker at al. [107] who investigated the effect of
fungal infection on a few representatives of mono-
cotyledonous and dicotyledonous plants. In all
cases the increase in BF/FRF ratio was the most
noticeable signature. The authors explained the
increase by the contribution of fungus fluorescence
to the blue band, especially in the case of mildew
on apple (Malus sylvestris L.) leaves. However, it
is likely that the plant response to the presence of
the pathogen can also contribute to the increase in
BGF. There are now several examples in the litera-
ture to support the idea that plant response to
pathogen elicitors involves the production of many
phenolic phenylpropanoids known as phytoalexins
[7, 43, 50, 85, 122]. Ultrastructural and cytochemi-
cal studies have demonstrated the accumulation of
phenolic compounds in the walls of epidermal cells
that are in close contact with the invading fungal
hyphae [6, 7, 42]. These phenolic compounds
could restrain fungal colonization by either
increasing the mechanical strength of the host cell
walls at sites of potential fungal entry or causing
growth inhibition of the fungus [7].
As for the identification of nutrient deficiencies,
fluorescence imaging techniques are valuable tools
to study plant responses to pathogens, as illustrated
by the work of Buschmann and Lichtenthaler [20]
who reported effects of insects on leaf BGF. Even
on black and white images of UV-induced BGF,
small punctures made by tobacco flies on leaves
can be visualized. The strong increase of BGF was
suggested to result from the accumulation of fluo-
rescent phytoalexins (stilbenes) around the lesion.
In the case of tobacco leaves, a recent study rather
indicated that the accumulation of the very fluores-
cent coumarin scopoletin was more likely (Cerovic
and Latouche, unpublished results). In the same
report of Buschmann and Lichtenthaler [20], mite
attacks on bean (Phaseolus vulgaris L.) plants
were seen as large increases in BF, leading to an
increase in the F440/F690 ratio, and as slight
increases in the F690/F740 ratio. This indicates
that the mites suck the chloroplasts from the abaxi-
al side, and therefore the loss of ChlF contributes
to the increase in BGF/ChIF ratio seen from the
adaxial side.
4.8. Fluorosensing and agriculture
Plant fluorescence signature can be changed by
many environmental factors and often in the same
direction. As summarized by Buschmann and
Lichtenthaler [20] seven types of plant stresses
ranging from N deficiency to photoinhibition
induce a large increase in the F440/F690 ratio.
Plant fluorosensing may therefore suffer from a
lack of specificity in response to these stresses.
There is a need to better understand the physiologi-
cal significance of these changes, to know the
impacts of environmental stresses on intrinsic leaf
properties and on the concentrations of the poten-
tial fluorophores and their location in the leaf. This
knowledge will suggest the use of a combination of
fluorescence signatures (different ratios or intensi-
ties) in order to provide a reliable assessment of the
plant general fitness from UV-induced leaf fluores-
cence.
Effective stress detection and discrimination
techniques would be very welcome for a number of
purposes in agricultural crop production and pro-
tection. Stresses can stem from biotic or abiotic
factors but only few of them can be effectively
tackled by the producer. Indeed, climatic causes
are most important but out of anyone’s control.
Pest and fertilization management are therefore the
primary targets of fluorosensing techniques.
For example, there are approximately 11 million
tons of nitrogen fertilizer applied per year to crops
on US soils alone, which costs the American
farmer over 5 billion dollars annually. Nutrient
availability is ranked second only to rainfall as the
most important requirement for profitable crop
production. Nitrogen assimilation is the most
important plant nutritional process that a farmer
manages in cultivated crops. Management of nitro-
gen fertilizers represents therefore an important
aspect of modern crop production that has econom-
ic and environmental consequences: high nitrogen
inputs are required for the acquisition of profitable
crop yields but overfertilization can lower crop
quality attributes and cause pollution of surface
and underground waters. Despite its overwhelming
importance, nitrogen fertilizer localized manage-
ment has not yet been properly addressed because
of the hardly predictable behaviour of its natural
release from soil. There is a need for accurate
assessment of plant nitrogen requirements based on
rapid screening techniques which could be used for
on-the-go variable rate nitrogen fertilizer applica-
tions with highly precise spatial details instead of
uniform applications as a function of the mean site
condition. This is ’precision agriculture’ applied to
nitrogen management.
What is most needed now are case studies with
robust signatures. The nitrogen effect will depend
on the crop type. In soybean, additional nitrogen is
useful only from the seed filling phase till maturity,
because in earlier phases of development it will
benefit from symbiotically fixed nitrogen, which
stops at the seed filling phase. High nitrogen can
even be detrimental, for example in sugar beet
where too large leaves (the above ground mass)
can deplete the sugars from the roots, which will
be finally harvested.
ChlF represents an excellent probe of photosyn-
thetic efficiency, which can directly or indirectly
reflect the impacts of environmental stress on
plants. However, it is important to keep in mind
that crop productivity is the product between leaf
photosynthetic activity and the photosynthetic leaf
area. In many instances, cessation of leaf growth is
the first physiological response to environmental
stress, even before leaf photosynthetic rate is
affected [165, 168]. Therefore, a powerful indica-
tor of the physiological state of plants and the
effects of environmental factors on them should be
able to monitor both photosynthetic efficiency and
leaf growth potential.
Vine growing is one of the activities that could
soon profit from fluorosensing. Resveratrol, which
is a good BGF fluorophore [42], and its oligomeric
derivatives viniferins from the stilbene family, are
accumulated in grapevine leaves (Vitis vinifera L.)
in response to fungal attack by Botrytis cinerea
[148] and Plasmopara viticola [42, 148]. BGF
could therefore be used as an early indication of
infection in grapevine. Likewise, scopoletin will
accumulate in tobacco (Nicotiana tabacum L.)
leaves upon pathogen attack. This accumulation
could be seen either as an increase in BGF yield or
lifetime (F450 of healthy leaves is 0.7 ns, whereas
F450 for pure scopoletin is 2.7 ns; Cerovic, unpub-
lished results).
In the visible part of the spectrum, our eyes and
experience are often sufficient and better than any
artificial detector to evaluate the state of a crop.
Therefore, to be useful for remote sensing of vege-
tation, fluorescence or any other signature must
fulfil one or several of the following criteria: 1) to
respond to the presence of stress before the appear-
ance of visible symptoms, in order to be able to
alleviate the causes of the stress before irreversible
damage occurs to the plant; 2) to be an invisible
signal to the human eye, present in the UV or IR
part of the spectrum, and often complementary to
visible signatures; 3) amiable for automatic treat-
ment for machine vision, and possibility to be used
for feed-back action; 4) even when present in the
visible part of the spectrum, the signature should
be accessible from a great distance in order to be
useful at the regional level. Vegetation fluores-
cence fulfils several of the above criteria. Complex
signatures like the photo-induced variable ChlF,
which is linked to the efficiency of the photosyn-
thetic apparatus, can, in addition to above criteria,
bring a non-destructive estimation of plant func-
tioning. Thus, there are several types of possible
fluorosensing approaches including devices with
fixed position in the field for continuous crop mon-
itoring, sampling by hand-held devices, truck-
mounted devices and crop monitoring by aircraft-
mounted lidars, all using a specific signature or
combination of signatures. For example, a first trial
was made to estimate the harvest date for lettuce
based on BGF with fixed position in the field
[136].
An important aspect of the UV-induced fluores-
cence should be mentioned at the end. In addition
to remote sensing as defined above, all mentioned
fluorescence signatures can also be used under
controlled conditions in the laboratory or green-
houses for plant selection in breeding or genetical-
ly modified organisms (GMO) programmes. It is a
non-destructive and non-intrusive technique that
can be used in automated procedures or on large
surfaces in order to analyse a large number of
genotypes under different environmental condi-
tions. This is the great advantage of fluorosensing:
being just a measure of emitted light, the same flu-
orescence signal, signature and measuring device
can be used in all aspects of research, amelioration,
agriculture and environment issues involving vege-
tation.
5. Concluding remarks
Linking physiological attributes and functioning
of cultures with agronomy and crop yield remains
a major challenge for plant researchers. UV-
induced fluorescence in particular, and plant fluo-
rescence in general, can contribute to this endeav-
our. Fluorescence provides a means for studying
physiological responses to environmental stresses
at sample sizes relevant to understanding variations
within a population under field conditions. It pro-
vides a means of linking processes ranging from
biophysical and biochemical reactions in the cell to
crop dynamics.
It is now clear that agricultural production is
currently unsustainable. Indeed, human activities,
as they are now conducted, appear to be approach-
ing the limits of the Earth’s capacity. The main
challenge for the immediate future is to expand
agricultural production at a rate exceeding popula-
tion growth. This must involve simultaneous
replacement of destructive agricultural practices
with more benign ones. A list of potential improve-
ments should include: 1) conserving soil and water,
with special priority to combating erosion; 2)
maintaining biodiversity; 3) improving pest con-
trol; 4) developing new crop strains with increased
yield, pest resistance, and drought tolerance; 5)
reducing dependency on pesticides and herbicides.
Fluorosensing has its role to play towards this goal
for sustainable development by its implementation
into precision agriculture (integrated farming) and
plant monitoring. UV-induced fluorosensing can
help water resources and mineral nutrition manage-
ment, pollution and pest control and general survey
of vegetation. Once the UV-induced fluorosensing
is implemented in machine vision, the fluorescence
signatures described in this paper will be used for:
1) plant recognition for automatic weed treatment;
2) plant recognition for geographic survey and
crop control (regional scale); 3) detection of nutri-
ent deficiencies for precision crop mineral nutri-
tion; 4) early detection of parasites for early and
precise treatment; 5) early detection of water
stress; 6) indirect estimations of soil characteristics
such as compaction, pH and presence of heavy
metals and aluminium. Like any other newly devel-
oped technique, UV-induced fluorosensing might
tend to claim that it can solve, or at least tackle, all
the problems raised by agriculture and environ-
ment. With time, research and applications, the
optimal domains and related signatures will be
selected in competition with other techniques with
respect to cost, efficiency and robustness. In addi-
tion, the knowledge accumulated by plant fluo-
rosensing during the last 15 years should allow us
to change from mainly signature-oriented research
to plant species- and plant function-oriented
research.
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